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Abstract
During herpes simplex virus (HSV) entry, membrane fusion occurs either on the cell surface or after virus endocytosis. In both cases, binding
of glycoprotein D (gD) to a receptor such as nectin-1 or HVEM is required. In this study, we co-cultured cells expressing gD with nectin-1
expressing cells to investigate the effects of gD on nectin-1 at cell contacts. After overnight co-cultures with gD expressing cells, there was a
down-regulation of nectin-1 in B78H1-C10, SY5Y, A431 and HeLa cells, which HSV enters by endocytosis. In contrast, on Vero cells, which
HSV enters at the plasma membrane, nectin-1 was not down-regulated. Further analysis of B78H1-derived cells showed that nectin-1 down-
regulation corresponds to the ability of gD to bind nectin-1 and is achieved by internalization and low-pH-dependent degradation of nectin-1.
Moreover, gD is necessary for virion internalization in B78H1 cells expressing nectin-1. These data suggest that the determinants of gD-mediated
internalization of nectin-1 may direct HSV to an endocytic pathway during entry.
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Herpes simplex virus (HSV) can infect many cell types in
culture, but in its human host it spreads predominantly between
epithelial and neuronal cells (Whitley, 2001). This cell tropism is
likely determined, at least in part, by the specific interactions
between virus and cell that lead to virus entry (reviewed in
Krummenacher et al., 2008; Reske et al., 2007). Four envelope
glycoproteins are required for HSV entry. Binding of glycopro-
tein D (gD) to a receptor is an essential step of entry and cell to
cell spread but is not sufficient by itself to promote fusion of the
viral envelope with membranes of the target cell (Ligas and⁎ Corresponding author. Department of Biochemistry, School of Dental
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215 898 3695.
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doi:10.1016/j.virol.2007.11.012Johnson, 1988). Rather, receptor binding induces conforma-
tional changes in gD that trigger the viral fusion machinery
which comprises gB and gH/gL (Fusco et al., 2005; Krumme-
nacher et al., 2005; Subramanian and Geraghty, 2007; Whitbeck
et al., 2006; Zago et al., 2004). The gD receptors nectin-1,
HVEM (herpesvirus entry mediator) and heparan sulfate mod-
ified by 3-O-sulfotransferases are structurally unrelated mole-
cules, but each can mediate HSVentry independently (Geraghty
et al., 1998; Krummenacher et al., 1998; Montgomery et al.,
1996; Shukla et al., 1999; Whitbeck et al., 1997).
In this study, we focus on one of the gD receptors, nectin-1,
which acts as the main receptor on neurons and epithelial cells
(Hung et al., 2002; Mata et al., 2001; Simpson et al., 2005).
Nectin-1 is a cell adhesion molecule that accumulates at ad-
herens junctions of epithelia, at contacts between cultured cells
and at synapses, varicosities and puncta adherentia of neurons
(De Regge et al., 2006; Inagaki et al., 2003; Krummenacher
et al., 2003; Sakisaka and Takai, 2004; Takai et al., 2003).
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contacts. For example, homophilic trans-interaction of nectin-1
molecules on adjacent cell surfaces occurs on cultured cells (i.e.
B78H1-C10, L-cells) (Krummenacher et al., 2002; Takahashi
et al., 1999) and heterophilic interaction with nectin-3 has been
described at neuronal synapses and in the eye (Inagaki et al.,
2005; Mizoguchi et al., 2002). Several splice isoforms are
produced from the human nectin-1 gene, PVRL1 (Cocchi et al.,
1998; Geraghty et al., 1998). The splice isoform nectin-1α,
used in this study, recruits cytoplasmic PDZ-containing proteins
such as afadin, to cell contacts to establish adherens junctions
(Takahashi et al., 1999; Takai and Nakanishi, 2003).
HSV infects cells as free particles and then can spread to
adjacent cells through cell contacts. During the initial infection,
HSVenters cells either by direct fusion at the plasma membrane
or by fusing its envelope with an endosomal membrane after
endocytosis of the virion (Nicola et al., 2003; Wittels and Spear,
1990). The pathway used by virions during entry is cell type-
dependent (Nicola et al., 2005) but in all cases, the same four
essential glycoproteins (gD, gB, gH/gL) and a gD receptor are
required (Nicola and Straus, 2004). In Vero cells (African green
monkey kidney), fusion occurs at the cell surface in a low-pH
independent manner (Milne et al., 2005; Nicola et al., 2005;
Wittels and Spear, 1990). Numerous electron microscopy (EM)
studies, summarized by Nicola et al. (2003), showed fusion of
HSV at the cell surface and/or in intracellular vesicles shortly
after inoculation. Notably, fusion of virions with the plasma
membrane has been observed by EM in Hep-2 cells (Fuller and
Spear, 1987) and in explanted neurons from human dorsal root
ganglia (Lycke et al., 1988). In other cell lines, however, HSV
entry occurs by endocytosis and the viral envelope fuses with an
endosomal membrane. In cells of epithelial origin, fusion is
more likely to require endosomal acidification, while in neuro-
blastoma cells it is independent of low pH (Nicola et al., 2005).
The cell specific basis for low pH requirement for fusion is
unknown and there is no evidence that a particular HSV
receptor (nectin-1 or HVEM) is exclusively linked with low-pH
dependence (Delboy et al., 2006; Milne et al., 2005; Nicola
et al., 2005; Whitbeck et al., 2006). One should note that, in
their studies, Nicola et al. consider only the requirement for low
pH for fusion to define endocytic entry (Delboy et al., 2006;
Nicola et al., 2005). However, the lack of dependence on low
pH for fusion is also compatible with endocytosis because, in
cells such as B78H1-C10, pH-independent entry is observed
together with virion internalization (Milne et al., 2005). In the
present study, we consider a virus to be endocytosed when
exposed virion components (e.g. gB) become protected from
extracellular protease digestion. Mouse melanoma B78H1 cells,
which are devoid of HSV gD receptors, are resistant to HSV
entry (Miller et al., 2001) and do not endocytose HSV (Milne
et al., 2005). Expression of human nectin-1 or HVEM in these
cells (B78H1-C10 and B78H1-A10 respectively) allows virus
endocytosis and productive infection (Miller et al., 2001; Milne
et al., 2005). In these cells, neutralizing anti-gD antibodies
blocked virion internalization (Milne et al., 2005).
Interaction of gD with nectin-1 is not limited to the early
steps of infection. We showed previously that expression of gDduring the later phases of HSV infection correlates with down-
regulation of nectin-1 within the infected cells (effect in cis)
(Krummenacher et al., 2003). Newly synthesized gD then
accumulates at sites of contact between the infected cell and an
adjacent non-infected cell but not between two infected cells.
This accumulation of gD requires expression of nectin-1 on the
non-infected cells but does not depend on other viral
components (Krummenacher et al., 2003). From these studies,
we hypothesized that there is a direct trans-interaction between
newly synthesized gD and nectin-1 at cell contacts.
To study the interaction of gD with nectin-1 between cells
in the absence of infection, we engineered B78H1 (nectin-1
negative) cell lines to constitutively express various forms of
gD, as substitutes for infected cells. These effector cells were
co-cultivated with target cells that express nectin-1. In most
cases, trans-interaction of gD with nectin-1 at contacts between
the two cell populations led to down-regulation of nectin-1. This
response was specific to gD and consisted in internalization of
the receptor from the target cell surface followed by low-pH-
dependent degradation. We postulate that down-regulation of
nectin-1 by gD reflects a form of ligand-induced endocytosis.
Interestingly, the cell specificity of nectin-1 down-regulation
correlated with the cell specificity of endocytic HSV entry,
suggesting that gD-mediated internalization of nectin-1 may
direct HSV to an endocytic pathway during entry.
Results
Characterization of cell lines expressing various forms of HSV
gD
The goal of this work was to ask how gD binding affects
nectin-1 at cell-cell contacts. To separate the effects of gD from
those of HSV infection, we developed a cellular co-culture
system. A panel of nectin-1 expressing target cells was already
available (Krummenacher et al., 2003, 2002). To establish
effector cells, we engineered nectin-1-negative mouse mela-
noma cells (B78H1) that stably express various forms of gD on
their surface. In addition to creating a cell line expressing wild
type (wt) gD from strain KOS, we made cell lines that express
two mutant forms of gD based on their nectin-1 binding
properties (Connolly et al., 2005; Krummenacher et al., 2005):
gD(W294A) binds nectin-1 with higher affinity than wt gD but
cannot complement a gD-null virus, and gD(A3C-Y38C) which
does not bind nectin-1 but binds HVEM. The resulting cell lines
were named B78-gDwt, B78-gD(W294A) and B78-gD(A3C-
Y38C).
Clones were selected based on the level of surface expression
of gD as detected by FACS (Fig. 1A) and CELISA (Fig. 1B).
The nectin-1 binding activity of the cell lines was tested by
CELISA (Fig. 1C). Soluble nectin-1 bound to B78-gDwt cells
and showed increased binding to B78-gD(W294A) cells due to
the higher affinity of this form of gD (Krummenacher et al.,
2005). The negative control cells, B78-gD(A3C-Y38C), did not
bind soluble nectin-1 (Fig. 1C) despite higher levels of gD
surface expression (Fig. 1B). In contrast, B78-gD(A3C-Y38C)
cells did bind soluble HVEM (not shown), indicating that they
Fig. 1. Cell lines expressing gD. Clonal cell lines derived from B78H1
were engineered to express various forms of HSV-1 gD (gDwt, gD(W294A) and
gD(A3C-Y38C)). (A) gD expression on cell surface detected by FACS using
anti-gD polyclonal serum R7 followed by anti-rabbit Ig coupled with Alexa488.
The white histograms represent staining in the absence of R7 and serve as
negative controls. (B) Detection of gD on cell surface by CELISA. Cells were
stained with anti-gD polyclonal serum R8 and anti-rabbit secondary Ab coupled
with peroxidase and substrate. The absorbance detected for untransfected B78H1
cells was subtracted as background. (C) Binding of soluble nectin-1 to cells
expressing gD by CELISA. Cells were incubated with increasing concentrations
of nectin-1 ectodomain (HveC(346t)). Cell-bound nectin-1 was detected with a
mixture of anti-nectin-1 polyclonal rabbit sera R165 and R154. The absorbance
detected for untransfected B78H1 cells was subtracted as background.
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receptor usage (Connolly et al., 2005). These results are con-
sistent with the properties of these forms of gD in transient
transfection experiments (Connolly et al., 2005, 2003). The
three effector cell lines were next used to study trans-inter-
actions between membrane-bound gD and nectin-1 at cell
contacts. Since these cells are not polarized, we will refer to the
surface areas where cells make contact as “cell contacts” rather
than cell junctions.
Down-regulation of nectin-1 from B78H1-C10 cells
To study the interaction of nectin-1 and gD at cell contacts,
we co-cultured our gD effector cell lines with target cells that
express nectin-1. When B78H1-C10 target cells (Krummena-
cher et al., 2002) were mixed with B78-gD(A3C-Y38C) ef-
fector cells, nectin-1 was clearly detected in the target cells by
immunofluorescence (Fig. 2D), while gD was detected in the
effector cells (Fig. 2G). Since gD(A3C-Y38C) does not bind to
nectin-1, we did not observe co-localization of gD and nectin-1
at effector–target cell contacts (Fig. 2J). To our surprise, when
B78H1-C10 target cells were co-cultured with B78-gDwt or
B78-gD(W294A) effectors, the detection of nectin-1 was se-
verely decreased in the target cells. Only a few of them still
stained positive for nectin-1, but most of these were not in direct
contact with effector cells expressing gD (Figs. 2K, L). Indeed,
we observed a dose-dependent loss of the nectin-1 signal from
target cells in the co-cultures when the effector:target ratio was
increased (data not shown). Neither gDwt nor gD(W294A) was
detected preferentially at contacts with the few target cells
where nectin-1 was still detected (Fig. 2K, L). Since the cells
were permeabilized prior to staining, the remaining nectin-1
may be within the target cells and not available for gD binding.
Nectin-1 fluorescence was consistently dimmer when B78H1-
C10 target cells were in contact with effector cells expressing
gD(W294A) as compared to cells expressing wt gD. Although
not quantified here, we believe it may be a consequence of the
higher affinity of gD(W294A) for nectin-1 (Krummenacher
et al., 2005).
One possible explanation for our inability to detect nectin-1
by IFAwhen target and effector cells were in contact was that the
epitope of mAb CK41 used to detect nectin-1 was masked by gD
(Krummenacher et al., 2000). To address this and to obtain
quantitative data, we developed a FACS-based approach. This
approach enabled us to detect nectin-1 expression with mAb
CK41 on single target cells in suspension after they had been
separated from effector cells. In this assay, B78H1-C10 target
cells were labeled with QTracker655 prior to co-cultivation with
the effector cells. We used this fluorescent marker to select target
cells during FACS analysis and eliminate the background of
effector cells (QTracker655-negative, nectin-1-negative, gD-
positive). Fig. 3 shows nectin-1 expression on the Qtracker655-
positive B78H1-C10 target cells after co-culture with the various
effector cell lines. When B78H1-C10 target cells were co-
cultured with B78H1 cells (no gD), they retained a high level of
cell surface nectin-1 (Fig. 3, black profile). This control serves as
a reference for the wild-type level of nectin-1 on target B78H1-
Fig. 2. Nectin-1 expression on B78H1-C10 cells after co-cultivation with gD expressing cells. Nectin-1-positive B78H1-C10 cells were mixed at an equal ratio with
B78-gD(A3C-Y38C) cells (left), B78-gDwt (center) or B78-gD(W294A) cells (right). After 16 h of co-culture, cultures were fixed, permeabilized and stained. Nectin-
1 on target B78H1-C10 cells was detected with mouse monoclonal antibody CK41 followed by anti-mouse Ig coupled to Alexa488 shown in green (D, E, F). gD on
effector cells was detected with rabbit polyclonal serum R7 followed by anti-rabbit Ig coupled with Alexa594 shown in red (G, H, I). A phase contrast image was taken
to show all cells in the co-cultures (A, B, C) and DAPI was used to stain all nuclei (blue) in merged images (J, K, L). A representative experiment is shown. (M)
Histograms showing that gD expression on effectors cells is not affected after 16 hr co-culture with B78H1-C10 (gray) compared to B78H1 (black line) target cells. gD
on effector cells (Qdot655 negative) was detected using mAb MC5 followed by anti-mouse Ig coupled to Alexa488.
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C10 target cells after co-cultivation with B78-gD(A3C-Y38C)
effectors which do not bind nectin-1. In contrast, there was a
significant loss of nectin-1 from the surface of B78H1-C10
target cells when they were mixed with effector cells bearing
either wt gD or gD(W294A) (Fig. 3). We obtained similar results
with another anti-nectin-1 mAb (CK6), which recognizes a dif-
ferent epitope from that seen by CK41 (data not shown).We also tested whether gD expression on the surface of
effector cells was affected by co-culture with nectin-1 ex-
pressing cells. By immunofluorescence, B78-gDwt cells in co-
cultures are often less intensely stained for gD expression than
B78-gD(W294A) and B78(A3C-Y38C) cells (Fig. 2H vs. G, I).
To determine whether this was an apparent artifact of the
method or a genuine effect resulting from exposure of wt gD
to nectin-1, we used FACS to quantify gD expression. We
Fig. 3. Down-regulation of nectin-1 from cell surface. Target B78H1-C10
cells expressing nectin-1 were labeled with Qtracker655 and mixed with
effector cells expressing the indicated forms of gD or with B78H1 cells (no
gD) at a target:effector ratio of 1:2. After overnight co-culture, cells were
stained with CK41-PE to detect nectin-1 by FACS. Target B78H1-C10 cells
were positively selected based on Qtracker655 fluorescence to be shown on
FACS profiles while unlabelled effector cells were excluded. Histograms
represent PE fluorescence of Qtracker655-positive target B78H1-C10 cells.
The white histogram represents background fluorescence of B78H1-C10 cells
(no CK41-PE) co-cultured with B78H1 cells. A representative experiment is
shown.
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effector cells co-cultured with B78H1-C10 cells expressing
nectin-1 or with the receptor-negative B78H1 cells (Fig. 2M). In
this case, we found that the surface expression of each form of
gD was similar in the presence or absence of nectin-1 on the
target cells. Thus nectin-1 does not induce internalization of gD.
The FACS results also show that nectin-1 and gD are not
internalized as a complex.
These experiments showed that down-regulation of nectin-1
in the target cell is directly related to the ability of gD on the
effector cell to bind the receptor in trans. Thus, down-regulation
of nectin-1 occurs as a result of a transient heterophilic trans-
interaction with gD at cell contacts.
Down-regulated nectin-1 does not accumulate within the cell
Since the IFA experiments examined total amounts of nectin-1
in the target cells, its disappearance suggested that it was not
accumulating within the cells after down-regulation from the
surface (Figs. 2E, F).We used two approaches tomeasure the total
amount of nectin-1 in target cells. First, we carried out co-culture
experiments with B78H1-NGC12 cells, which express a form of
nectin-1 with GFP fused to its N-terminus (GFP-nectin-1). This
chimeric nectin-1 is functional as a HSV receptor and localizes at
cell contacts (Krummenacher et al., 2003). In these cells, we used
GFP fluorescence tomeasure the total amount ofGFP-nectin-1 by
FACS (Fig. 4A). The level of GFP fluorescencewas considered to
be maximal (100%) when the target B78H1-NGC12 cells wereco-cultured with B78H1 cells (no gD).When the target cells were
co-culturedwith effectors bearing gD(A3C-Y38C), the amount of
GFP remained comparable to the level seenwithB78H1 effectors.
The level of GFP fluorescence decreased when B78H1-NGC12
cells were exposed to effector cells expressing either wt gD or gD
(W294A) (Fig. 4A). We also tested a form of nectin-1 with the
GFP tag at the C-terminus of the nectin-1 cytoplasmic tail and
obtained similar results (data not shown). The same pattern of
down-regulation was observed for total GFP-nectin-1 and for cell
surface nectin-1 (Figs. 3 and 4A). Thus, the total amount of GFP-
nectin-1 in target cells decreases when these cells are exposed to
effector cells expressing a form of gD that binds nectin-1.
As a second approach, we carried outWestern blot analysis of
total cell lysates after co-culture (Fig. 4B). Nectin-1 from
B78H1-C10 target cells and GFP-nectin-1 from B78H1-NGC12
target cells were each detected when these cells were co-cultured
with gD-negative effector B78H1 cells (lanes 1 and 5, respec-
tively) or with cells expressing gD(A3C-Y38C) (lanes 4 and 8).
In contrast, neither form of nectin-1 was found after co-culture
with effector cells expressing wt gD (lanes 2 and 6) or gD
(W294A) (lanes 3 and 7). A cross-reacting band of approxi-
mately 100 kDa specific to B78-NGC12 cells is also present but
its origin has not been defined. This band was also seen with an
anti-nectin-1 polyclonal serum (data not shown). Because it is
present only in GFP-nectin-1 cells, it is likely to be an intra-
cellular nectin-1 related product which is unaffected by gD.
Alternatively, it might be a truncated nectin-1, which lacks part
of the gD binding domain and therefore cannot be internalized
or degraded in response to exposure to gD.
Since nectin-1 can potentially be proteolytically cleaved in
its trans-membrane domain (Kim et al., 2002), we looked for the
nectin-1 ectodomain in co-culture supernatants by Western blot
(Fig. 4C). After co-culture with B78-gD(W294A), nectin-1 was
absent from the cell lysate (Fig. 4C, lane 1) but it was present in the
lysate from the control co-culture (lane 2). Because we over-
exposed the film to increase the sensitivity of detection, several
non-specific bands were observed but no nectin-1 degradation
products specific to the B78H1-C10 + B78-gD(W294A) co-
culture could be identified (lane 1 vs. 2). We also attempted to
detect nectin-1 degradation products using a polyclonal serum or
a pool of several mAbs against different regions of nectin-1.
These antibodies did not detect specific cleavage products and
also showed higher non-specific background (data not shown).
Furthermore, no additional band was detected by mAb CK8 in
supernatant from the B78H1-C10 and B78-gD(W294A) co-
culture compared to controls (lane 3 vs. lanes 4, 5). We used
soluble nectin-1 (Krummenacher et al., 1998) diluted in fresh
medium (lanes 6–9) as a sensitivity control to show that very low
amounts of nectin-1 could be detected in the culture supernatant.
These results show that gD does not induce release of nectin-1
from the target cell surface.
Consequently, we tested whether the loss of nectin-1 involved
intracellular degradation after internalization. We used bafilomy-
cin A1 (BFLA) to prevent endosome/lysosome acidification,
thereby preventing activation of lysosomal proteases. NGC12
target cells were treated with BFLA before and during co-culture
with effector cells (Fig. 4D).Under these conditions, accumulation
Fig. 4. Detection of total amounts of GFP-nectin-1 and nectin-1 in B78H1-derived cells. (A) Down-regulation of GFP-nectin-1 analyzed by FACS. Target cells
expressing GFP-nectin-1 (B78H1-NGC12) were labeled with Qtracker655 and mixed with effector cells expressing the indicated forms of gD or with B78H1
cells (no gD). After overnight co-culture, GFP fluorescence was detected by FACS. Histogram profiles show GFP fluorescence in target cells selected for
Qtracker655 labeling. The geometric mean fluorescence is indicated on the right. For comparison, background fluorescence of parental B78H1 cells is 3.9.
(B) Detection of total amounts of nectin-1 and GFP-nectin-1 by Western blot in cell lysates. Target cells (B78H1-C10 or B78H1-NGC12) were mixed with the
indicated effector cells. After an overnight co-culture, nectin-1 was detected by mAb CK8 in total cell lysates. Major non-specific bands indicated by asterisks
were also observed in B78H1 extracts (not shown). Positions of nectin-1 (N1) and GFP-nectin-1 (GFP-N1) are indicated with arrows. Molecular weight markers
are indicated on the left in kilodaltons. (C) Detection of nectin-1 and GFP-nectin-1 by Western blot in cell co-culture supernatant. Target B78H1-C10 cells were
mixed with effector cells B78-gD(W294A) or B78H1 (no gD). After an overnight co-culture, cell culture supernatant was collected and cells were lysed. 5% of
total cell lysate was loaded in lanes 1 and 2 and 5% of supernatant was loaded in lanes 3, 4 and 5 to compare amounts of nectin-1 detected by mAb CK8. The
position of full-length nectin-1 (N1) is indicated by an arrow. Lanes 6–9 contain the indicated amount of soluble nectin-1(346t) diluted in fresh culture
medium as sensitivity control. The position of nectin-1(346t) is indicated by an arrowhead. The blot is intentionally over-exposed (3.5 min, Supersignal West
Dura, Pierce) and non-specific bands detected by mAb CK8 are unlabeled. (D) Effect of bafilomycin A (BFLA). NGC12 target cells expressing GFP-nectin-1
(GFP-N1) were pretreated (+) or not (−) with BFLA for 1 h before and 5 h during co-culture with B78H1 or B78-gD(W294A) effector cells. Cell lysis and
analysis were performed as in B.
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radation occurs in lysosomes. In the absence of BFLA, the amount
of GFP-nectin-1 was decreased in co-cultures with B78-gD
(W294A) cells compared to co-cultures with B78H1 cells
(Fig. 4D, lanes 1 and 2). After BFLA treatment, the level of
GFP-nectin-1 did not change, even in the presence of B78-gD
(W294A) cells (lane 4). Thus, endosome/lysosome acidification is
required for nectin-1 degradation. We also observed that gD-
induced nectin-1 degradation was prevented in target cells treated
with the cathepsin/calpain inhibitor E-64d (Chandran et al., 2005)
(data not shown). These results indicate that nectin-1 is degraded
in lysosomes by low-pH-dependent cysteine-proteases.Homophilic trans-interaction does not induce down-regulation
of nectin-1
HSV gD binding to the V-domain of nectin-1 disrupts its ho-
mophilic trans-interactions (Krummenacher et al., 2002; Saki-
saka et al., 2001). This suggests that gD and nectin-1 share a
similar binding site on nectin-1. Therefore, we tested whether
nectin-1 induces the same response as gD on nectin-1 in target
cells during co-culture. To differentiate nectin-1 on target cells
from that on effector cells, we used B78H1-NGC12 cells as
targets. We previously showed that GFP-nectin-1 in these cells
was functionally similar to wt nectin-1 as a receptor for HSVand
Fig. 6. Down-regulation of receptors on non-transfected cell lines. Target cells
were labeled with Qtracker655 and mixed with effector cells expressing various
forms of gD. After an overnight co-culture, cells were stained with the ap-
propriate antibody: CK41-PE (anti-nectin-1) for B78H1-C10, A431, SY5Y and
HeLa cells, and CK6 (anti-nectin-1) followed by anti-mouse Ig coupled with
Alexa488 in the case of primate Vero cells. Antibody CK6 is used for Vero cells
because CK41 does not recognize African green monkey nectin-1. CK6, like
CK41, detects down-regulation of human nectin-1 (not shown). Geometric mean
fluorescence was measured from Qtracker655-positive target cells after each co-
culture. For comparison between cell lines, fluorescence on target cells is
reported as the percentage of fluorescence after co-culture with control B78H1
(no gD) effector cells. A representative experiment is shown.
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indicates that GFP does not significantly affect homophilic trans-
interaction and gD binding. Since these cells express GFP-nectin-
1, we could detect surface GFP-nectin-1 on B78H1-NGC12 cells
with an anti-GFP pAb. Furthermore, the use of an anti-GFP Ab,
which binds to the GFP portion fused to nectin-1, well away from
the gD binding site, should confirm that the lack of detection of
nectin-1 is not due to epitope masking by gD. As anticipated,
GFP-nectin-1 was down-regulated from the B78H1-NGC12 cell
surface after co-culture with effectors expressing gD(W294A)
(Fig. 5A). In contrast, nectin-1 on effector B78H1-C10 cells had
little effect on cell surface GFP-nectin-1 (Fig. 5A). This is in
accordance with the presence of nectin-1 at cell contacts between
nectin-1 expressing cells (Krummenacher et al., 2003). In the
same co-cultures, we used GFP fluorescence to look at the total
amount of GFP-nectin-1 in target cells (Fig. 5B). Exposure of
B78H1-NGC12 target cells to nectin-1 effector B78H1-C10 cells
had no effect on the total amount of GFP-nectin-1 present within
target cells (Fig. 5B). Moreover, effector B78H1 cells did not
cause down-regulation of nectin-1 on target B78H1-C10 cells
(Fig. 3) or GFP-nectin-1 on B78H1-NGC12 cells (Figs. 4 and 5).
These data suggest that internalization and degradation of nectin-
1 are specific responses to gD binding and that gD actively affects
nectin-1 inways that differ from the homophilic trans-interaction.
HSV gD induces down-regulation of nectin-1 in non-transfected
cell lines
As a model, we have studied the effects of cell-bound gD on
human nectin-1 expressed in transfected B78H1 cells. We nextFig. 5. FACS analysis comparing effects of nectin-1 vs. gD as ligands for nectin-1.
Target B78H1-NGC12 cells (expressing GFP-nectin-1) were stained with
Qtracker655 and co-cultivated with B78H1-C10 effector cells expressing
nectin-1, B78H1 cells expressing gD(W294A) or untransfected B78H1 cells.
GFP-nectin-1 was detected on Qtracker655-positive target B78H1-NGC12
cells in each co-culture. (A) Surface expression was detected with anti-GFP
antibody Ab290 followed by PE-coupled secondary antibody. (B) Total expression
was measured by GFP fluorescence. Results are reported as percentages of fluo-
rescence after co-culture with B78H1 cells (no gD) used as control effectors. A
representative experiment is shown.asked whether endogenous nectin-1 was down-regulated by gD
in natural HSV permissive cell lines. Human neuroblastoma
SY5Y, epidermoid A431 and HeLa cells as well as African
green monkey Vero cells were selected because they express
enough nectin-1 for it to be detected by FACS (Krummenacher
et al., 2004). Each of these cell lines was pre-labeled with
QTracker655 and co-cultured overnight with gD expressing
effector cells. FACS analysis showed that nectin-1 was sig-
nificantly down-regulated from the surface of SY5Y, A431 and
HeLa cells after co-culture with cells expressing gDwt or gD
(W294A) (Fig. 6, white and gray bars, respectively). Co-culture
with effector cells expressing the non-binding gD(A3C-Y38C)
(Fig. 6, black bars) had no significant effect as compared to the
control co-culture with gD-negative B78H1 cells (Fig. 6, dotted
line). Thus, nectin-1 expressed on the surface of several human
cell lines is down-regulated upon trans-interaction with gD. In
contrast, there was no evidence of nectin-1 down-regulation
from the surface of Vero cells (Fig. 6). Vero nectin-1 functions
as a gD receptor when transfected into the receptor-negative
B78H1 cells (Milne et al., 2003). Thus, the absence of down-
regulation of nectin-1 in Vero cells is not due to a lack of
interaction with gD. Entry into human Hep-2 cells has been
shown to occur at the plasma membrane (Wittels and Spear,
1990); however, in these cells, nectin-1 expression was not
detectable by FACS (data not shown) and thus, Hep-2 cells
could not be included in the down-regulation experiment. We
did, however, detect HVEM on these cells (data not shown).
These observations do not rule out the use of nectin-1 as a
Fig. 8. Virus protection from protease digestion requires envelope gD. KOSgDβ
virions devoid of envelope gD (Non-complemented virus labeled N) or com-
plemented with wt gD KOS (labeled C) were attached to B78H1-C10 cells at
4 °C. After 45 min, temperature was shifted to 37 °C for 15 min or the cells were
left at 4 °C as indicated. Cells were chilled on ice and extracellular proteins were
digested with proteinase K where indicated (+PK). After lysis in the presence of
protease inhibitors, gB was detected by immunoprecipitation with mAb DL16
and Western blot (pAb R69). The bar on the right indicates the position of the
114 kDa molecular weight marker.
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even levels of nectin-1 that were below the threshold of
detection could be efficiently used for entry (Krummenacher
et al., 2004).
HSV enters A431 and SY5Y by endocytosis
Our data show that HSV gD induces down-regulation of
nectin-1 from the surface of B78H1-C10 and HeLa cells but not
Vero cells. Interestingly, HSV enters B78H1-C10 and HeLa
cells by endocytosis, whereas it enters Vero cells by direct
fusion with the plasma membrane (Milne et al., 2005; Nicola
et al., 2003). Because down-regulation of nectin-1 likely reflects
ligand-induced endocytosis, we hypothesized that gD-mediated
internalization of nectin-1 is part of the mechanism involved in
endocytosis of HSV. If so, virus entry into SY5Y and A431
cells, where nectin-1 is down-regulated by gD (Fig. 6), should
be by endocytosis. We used a protease protection assay (Milne
et al., 2005) to determine whether virions became endocytosed
during HSVentry into A431 and SY5Y cells. Purified virus was
added to cells at 4 °C for attachment before entry was allowed to
proceed for 15 min at 37 °C. Then, the virus cell mixture was
treated with proteinase K (PK) or mock digested. Glycoproteins
that remain on the cell surface after direct fusion of the envelope
with the plasma membrane or on attached virions are degraded
by PK. In contrast, glycoproteins are protected from PK if the
virus has been endocytosed (Milne et al., 2005). Total cell
lysates were analyzed by Western blot to detect gB. We detectedFig. 7. Virus protection during entry in B78H1-C10, B78, SY5Yand A431 cells.
After attachment on the surface of the indicated cells at 4 °C, HSV-1 KOS
infection was allowed to proceed at 37 °C for 15 min (A, C) or left at 4 °C (B).
Cells were then chilled and treated with proteinase K (B, C) or mock digested
(A). After lysis in the presence of protease inhibitors, full-length gB was de-
tected by immunoprecipitation (mAb DL16) and Western blot (pAb R69).
(A) Total amount of gB bound to cells without proteinase K digestion.
(B) Control for total digestion of surface gB by proteinase K in the absence of
entry. (C) Protected gB indicative of virus internalization at 37 °C prior to
protease treatment. PK means proteinase K and the bar on the right indicates the
position of the 114 kDa molecular weight marker.the same amount of virion gB bound to each cell type in the
absence of PK treatment (Fig. 7A). As a control for protease
activity, cells were left at 4 °C (no entry) and PK completely
degraded all the gB as all the virions remained attached to the
cell surface (Fig. 7B). When the virus–cell mixture was in-
cubated for 15 min at 37 °C and then treated with PK, full-
length gB was detected in A431 and SY5Y cells (Fig. 7C). As
controls for endocytic entry, we used nectin-1 bearing B78H1-
C10 cells (lane 1, positive control) and receptor negative B78H1
cells (lane 2, negative control) (Milne et al., 2005). The amount
of protected gB represents only a fraction of the total input
(Fig. 7C vs. A) because internalization is not complete after
15 min (Milne et al., 2005). This assay does not rule out the
possibility that some fusion takes place at the plasmamembrane of
A431 or SY5Y cells. However, in B78H1-C10 cells, fusion does
not occur at the plasma membrane since blocking endocytosis
abolishes virus entry into these cells (Milne et al., 2005).
We previously showed that virion gB was protected from PK
treatment during entry into HeLa cells but not into Vero cells
(Milne et al., 2005). Thus, the same cells that respond to gD
binding by internalizing nectin-1 (i.e. B78H1-C10, SY5Y, A431
and HeLa) are also permissive for HSV entry by endocytosis
(Fig. 7; Milne et al., 2005; Nicola et al., 2003). Altogether, this
suggests that the two events might be related.
gD is required for HSV endocytosis in B78H1-C10 cells
HSV gD is necessary for fusion during endocytic entry
(Nicola and Straus, 2004). Here, we analyzed the role of gD in
the initial internalization of virions from the cell surface. We
examined whether virion gB was protected from protease di-
gestion using preparations of the gD-null virus KOSgDβ that
had been either grown in VD60 cells to provide wt gD (com-
plemented) or grown in Vero cells (non-complemented). The
presence or absence of gD was confirmed for each virus prep-
aration by Western blot (WB) (data not shown). Since non-
complemented gD-null virus could not be directly titered, the
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equal amounts of capsid protein VP5 as detected by Western
blotting (Handler et al., 1996). When complemented and non-
complemented HSV KOSgDβ were attached to cells at 4 °C
and then allowed to enter at 37 °C for 15 min, we detected
similar amounts of gB (Fig. 8, lanes 1 and 2, no PK treatment).
When cells were left at 4 °C to prevent entry, all gB from both
virus preparations was digested by PK (Fig. 8, lanes 3 and 4).
When the two virus preparations were incubated for 15 min at
37 °C and treated with PK, a significant fraction of gB from the
gD-complemented virus was protected (Fig. 8, lane 5). No
protected gB was detected when the non-complemented gD-
null virus was used (Fig. 8, lane 6). This shows that gD is
necessary for HSV endocytosis during entry. Since nectin-1 is
also required for HSV endocytosis in B78H1-C10 cells (Fig. 6;
Milne et al., 2005), these data support the role for the gD-nectin-
1 interaction in this process.
Discussion
Our data show that the trans-interaction of gD with nectin-1
on the cell surface is sufficient to induce internalization of the
receptor on adjacent cells in the absence of other viral com-
ponents. This response was observed in cells that HSV infects by
endocytosis but not in Vero cells where infection occurs at the
plasma membrane. We also showed that gD is necessary for
HSVendocytosis into cells expressing nectin-1. Taken together,
these results suggest that gD binding to nectin-1 during entry
actively directs HSV to an endocytic pathway in cell types where
this pathway is preferred.
gD actively induces nectin-1 down-regulation in trans
The loss of nectin-1 occurs when target cells were co-
cultivated with effector cells expressing forms of gD capable of
binding to nectin-1. There is no effect from gD(A3C-Y38C), a
form of gD which cannot bind nectin-1. We therefore infer that
nectin-1 internalization is a consequence of an interaction with
gD. The consequences of gD binding to nectin-1 differ dra-
matically from those that follow homophilic nectin-1 trans-
interaction; binding of gD results in internalization and degrada-
tion of nectin-1 whereas homophilic binding of nectin-1 leads to
accumulation at cell contacts (Krummenacher et al., 2002;
Miyahara et al., 2000).
We previously showed that gD co-localized with nectin-1
at junctions between infected and non-infected B78H1 cells
expressing nectin-GFP, notably at the edge of viral plaques
(Krummenacher et al., 2003). Such co-localization was also
observed, albeit rarely, in cultures of B78H1-C10 cells infected
at high MOI with HSV. However, we did not see any co-
localization of gD with nectin-1 in overnight co-cultures be-
tween gD and nectin-1 expressing cells (Fig. 2). We observed
extensive co-localization of gD and nectin-1 between target and
effector cells after short co-cultures (up to 1 h) and a decrease in
their occurrence at later times (data not shown). This is con-
sistent with a transient interaction between gD and nectin-1
which is followed by down-regulation of the receptor in thetarget cells. Such temporal co-localization would be expected at
the edge of viral plaques, where infected cells continuously
interact with new uninfected cells as the plaque expands.
Nectin-1 does not accumulate at contacts with cells that do not
express a functional ligand (e.g. B78H1, or B78-gD(A3C-Y38C)
cells); however, it remains on the cell surface. The internalization
of nectin-1 only occurred in the presence of gD, suggesting that
the viral glycoprotein actively induces this specific response of its
cellular receptor.
Internalization of nectin-1 in response to gD in trans leads to an
apparent paradox.We have shown that surface nectin-1 is reduced
on cells that have been co-cultured with gD expressing cells. A
similar situationmay occurwith infected cells since gDexpression
is known to occur before progeny virions are released. If gD on the
surface of infected cells causes internalization of nectin-1 on
adjacent non-infected cells, does this make the uninfected cell
resistant to infection? Overall the availability of nectin-1 may be
decreased. We hypothesize that uninfected cells continuously
produce the receptor on their surface that is rapidly endocytosed
upon binding to gD. In that case, newly made receptor appearing
on the surface of uninfected cells may encounter either cell-bound
gD and be down-regulated, or gD on egressing virions and lead to
virus endocytosis. It is not yet clear whether down-regulation of
nectin-1 plays a role in slowing down or shaping virus spread.
Furthermore, it appears that gD expressed on the cell surface is
sufficient to trigger nectin-1 internalization. Soluble gD blocks
HSV entry by binding to the receptor. It is possible that, if it can
lead to nectin-1 internalization, this may partially contribute to the
inhibition of HSV entry (Nicola et al., 1997). Interestingly, gD
does not need to be functional in membrane fusion to trigger
nectin-1 internalization. We previously showed that gD(W294A)
was functionally impaired in complementing a gD-null virus
despite a higher affinity for nectin-1 and HVEM (Krummenacher
et al., 2005). We also identified the defect in gD(W294A) as the
inability to trigger the viral fusion machinery after receptor
binding (Krummenacher et al., 2005). Here, nectin-1 internaliza-
tion relies on the ability of gD to bind, even if it is unable to induce
fusion. One could anticipate that virions carrying gD(W294A)
could be internalized but unable to fuse with the endosome in
B78H1-C10 cells. Thus, there appears to be a temporal separation
between gD binding to its receptor on the cell surface and fusion
initiation after internalization during endocytic entry.
Nectin-1 internalization leads to low-pH-dependent degradation
The inability to detect nectin-1 in the supernatant of co-
cultured cells indicates that nectin-1 was not released from the
cell surface upon gD binding but was internalized. The efficient
internalization of nectin-1 induced by gD that is anchored on
another cell implies either dissociation of the two molecules
before nectin-1 internalization or co-internalization of both gD
(or a portion of it) and nectin-1. In the case of dissociation, the
ability of the high-affinity gD(W294A) to achieve nectin-1
down-regulation as efficiently as wt gD may seem surprising,
but in fact, both forms of gD dissociate from nectin-1 with the
same kinetics in vitro (Krummenacher et al., 2005). It is not
known if virion gD dissociates from its receptor in the process
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equally possible that gD remains bound and that all or part of it
is transferred to the target cell. We have failed to detect the
transfer of gD to the surface of or inside target cells as a result of
binding to nectin-1 (Fig. 2 and FACS data not shown). The
effect of BFLA on nectin-1 degradation shows, albeit indirectly,
that the receptor is internalized during down-regulation. Inter-
nalization of nectin-1 is followed by low-pH-dependent intra-
cellular degradation. The internalization pathway followed by
nectin-1 has not yet been defined, but the effect of BFLA
indicates that it leads to an acidic compartment. The inhibition
of nectin-1 degradation by BFLA and by cysteine-protease in-
hibitor E-64d suggests that lysosomal low-pH-dependent ca-
thepsins are involved in this process.
gD-mediated internalization of nectin-1 correlates with HSV
endocytic entry
The fact that wt gD anchored in a plasma membrane can
induce internalization of its receptor by binding in trans sug-
gests that the same response can be triggered by gD exposed on
the viral envelope. In most cell types, virions are endocytosed
prior to fusion of the envelope with a vesicular membrane in a
low-pH-dependent or independent manner (Milne et al., 2005;
Nicola et al., 2003). In transfected B78H1 cells, a gD receptor,
nectin-1 or HVEM, is required for internalization of HSV
(Fig. 7; Milne et al., 2005). Here, we show that gD on the viral
envelope is necessary for virus endocytosis in B78H1-C10 cells
expressing nectin-1 (Fig. 8). Thus, in these cells, the interaction
between gD and nectin-1 appears to be necessary to direct vi-
rions to an endocytic pathway.
In other cell lines where virus entry follows an endocytic
pathway, such as HeLa (Nicola and Straus, 2004), SY5Y and
A431 cells (Fig. 7), gD also induced nectin-1 down-regulation.
In contrast, virions are not endocytosed during entry in Vero
cells (Milne et al., 2005; Nicola et al., 2003), and similarly,
nectin-1 is not down-regulated upon exposure to gD expressing
cells. The fact that gD-mediated down-regulation of nectin-1
and HSV endocytosis appears to have the same cell type spec-
ificity further supports the idea that the gD-receptor interaction
is involved in selection of the entry pathway. Identification of
additional human cell types that support fusion at the plasma
membrane will be instrumental in reinforcing the correlation
between nectin-1 internalization and virus endocytosis. Unfor-
tunately, the low level of nectin-1 expression in Hep-2 cells,
which, like Vero cells, are infected at the plasma membrane
(Wittels and Spear, 1990), did not allow the use of these cells to
further support this correlation. Since the gD-nectin-1 interac-
tion is not sufficient for virus endocytosis or for nectin-1
internalization in Vero cells, other cell characteristics allowing
fusion at the plasma membrane and hindering nectin-1 down-
regulation likely affect the route of HSV entry.
Other determinants of HSV endocytosis
Currently, Vero cells provide the only well-characterized
model for HSV induced fusion at the plasma membrane and forthe absence of down-regulation of nectin-1. It is not yet clear
whether Vero cells are an exception or if they are representative
of a category of cells with similar characteristics. In primary
sensory neurons, virions fusing at the plasma membrane and
naked cytoplasmic capsids were observed 2 h post-infection
(Lycke et al., 1988). This contrasts with data from our virus
protection assay showing that virions are rapidly endocytosed in
neuroblastoma SY5Y cells. Virus endocytosis occurs within the
first 30 min with kinetics that are consistent with the rapid rate
of virus entry in synchronized infections (Milne et al., 2005;
Nicola et al., 2005). Thus, it is not clear if fusion at the plasma
membrane occurring 2 h p.i. would lead to a productive in-
fection. At that late time, it is also possible that capsids in the
cytoplasm resulted from fusion with an endosome. However, it
is conceivable that cellular differences between primary sensory
neurons and passaged neuroblastoma cell lines affect the HSV
entry pathway.
HSV can enter cells in a low-pH-independent fashion, at the
cell surface (e.g. on Vero cells) and after endocytosis (e.g. in
B78H1-C10 cells) (Milne et al., 2005; Nicola and Straus, 2004).
We previously showed that HSV entry into B78H1-C10 cells
was prevented when endocytosis was inhibited (Milne et al.,
2005). This suggested that the virus cannot fuse on the surface
of these cells when its route of entry (endocytosis) is blocked.
HSV entry by low-pH-independent endocytosis was also ob-
served for SY5Y and A431 cells; however, further studies are
required to determine if, like for the model B78H1-C10 cells,
entry into cells using this pathway is also prevented by in-
hibiting endocytosis. Ultimately, it is likely that the cell specific
determinants that allow endocytosis differ from those that pre-
vent fusion on the cell surface.
We have shown that A431 and HeLa cells, in addition to
nectin-1, have detectable levels of HVEM on their surface
(Krummenacher et al., 2004). It is possible that HVEM can be
used by HSV for entry into these cells. HVEM is a functional
receptor in oral epithelial cells (Hung et al., 2002) and in corneal
fibroblasts and trabecular meshwork cells in the eye (Tiwari
et al., 2005, 2007). The entry pathway into these cells has not
yet been defined. Since HVEM, like nectin-1, can mediate
endocytic entry into CHO cells (Nicola and Straus, 2004), the
entry pathway does not appear to be specified only by the nature
of the receptor. Based on our results with nectin-1, we speculate
that gD and HVEM may be involved in internalization of vi-
rions during endocytic entry into cells expressing HVEM as the
only receptor, such as CHO-HVEM cells (Nicola et al., 2003) or
B78H1-A10 (Milne et al., 2005). It is important to note that in
CHO cells lacking a receptor, HSV is endocytosed and degraded
since a gD receptor is necessary for productive entry (Nicola
et al., 2003). It is unclear if CHO cells with and without gD-
receptor endocytose HSV in the same manner.
Recently, Delboy et al. (2006) analyzed entry of the mutant
strain HSV-1 ANG path into CHO cells expressing nectin-1 or
nectin-2 as the gD receptor. This study showed that the route of
entry of ANG path in CHO cells is affected by gD determinants
influencing receptor usage and by cellular factors. Our data
using HSV-1 KOS and various human cell lines are in ac-
cordance with these notions and lead to the conclusion that the
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receptor and depends on cell characteristics that vary from one
cell type to the other.
Down-regulation of receptors by other neurotropic viruses
Many viruses are endocytosed upon attaching to a cell
surface receptor (Smith and Helenius, 2004). In most cases, it is
difficult to distinguish between active triggering of internaliza-
tion and passive endocytosis whereby virions bind to shuttling
receptors. For HSV, our data on nectin-1 down-regulation
suggest an active induction of receptor internalization by gD
leading to virion endocytosis. Constitutive nectin-1 internaliza-
tion might occur naturally but there is no reported indication of
shuttling of nectin-1 to and from the cell surface. Should it
happen, our data would indicate that gD binding would ac-
celerate internalization of nectin-1 from the cell surface and
redirect the internalized nectin-1 to a degradation pathway.
In the nectin family, the poliovirus receptor (necl-5) mediates
internalization of poliovirus and further allows endosomal
movement by interacting with the dynein light chain (Ohka
et al., 2004). Another neurotropic virus, Measles virus (MV),
can use two unrelated receptors for entry, the homophilic
adhesion molecule SLAM and CD46 (Dorig et al., 1993; Tatsuo
et al., 2000). Both receptors are down-regulated from the cell
surface upon trans-interacting with wt MV hemagglutinin in
co-culture assays (Tanaka et al., 2002; Welstead et al., 2004).
Although virus endocytosis is not limited to neurotropic viruses,
the down-regulation of receptor as part of virus entry that we
observed with HSV gD appears to be shared by viruses in
different families using receptors with related structures (Ig-
like) and functions (cell adhesion).
Materials and methods
Viruses, antibodies and proteins
i) Viruses. HSV-1 KOS was grown and titered on Vero cells
and purified as described (Handler et al., 1996). KOS
gDβ was obtained from Dr. P. G. Spear (Dean et al.,
1994). Non-complemented KOSgDβ was produced in
Vero cells and complemented viruses were produced on
VD60 cells (Dean et al., 1994; Ligas and Johnson, 1988).
Titration of KOSgDβ was performed on VD60 cells.
ii) Antibodies. Anti-nectin-1 monoclonal antibodies (mAbs)
CK6, CK8 and CK41 as well as rabbit polyclonal sera
(pAb) R154 and R165 were described previously (Krum-
menacher et al., 1998; Shukla et al., 2000). For FACS,
CK41 was directly coupled with phycoerythrin (PE) at
Molecular Probes/Invitrogen. Anti-HSV glycoproteins
antibodies were as follows: against gD, rabbit polyclonal
sera, pAbs R7 and R8 (Isola et al., 1989), mouse mono-
clonal Ab MC5 (Atanasiu et al., 2008); against gB, pAb
R69 (Eisenberg et al., 1987) and mAb DL16 (Bender et al.,
2005). Rabbit anti-GFP pAb Ab290 was purchased from
Abcam. Secondary anti-IgG coupled with PE, Alexa594 or
Alexa488 was purchased from Invitrogen.iii) Cell lines. SY5Y, A431 and Hep-2 cells were maintained
in Dulbecco's modified Eagle's medium (DMEM) with
10% fetal calf serum (FCS) and antibiotics (penicillin and
streptomycin). Vero, HeLa and murine melanoma B78H1
cells were grown in DMEM with 5% FCS and antibiotics.
Previously described B78H1 transfected cell lines B78H1-
C10, B78H1-NGC12 and B78H1-control-16 (abbreviated
here B78) were grown in the same medium supplemented
with 500 μg/ml G418 (Krummenacher et al., 2003).
Cell lines expressing HSV gD
i) Selection. B78H1 cells were transfected with plasmids
pSC390 to express gDwt (Connolly et al., 2003), pDL473
for gD(W294A) (Krummenacher et al., 2005) or pDL490
for gD(A3C-Y38C) (Connolly et al., 2005) as described for
nectin-1-GFP constructs (Krummenacher et al., 2003).
Clones were selected by limiting dilution in the presence of
1 mg/ml G418 and further maintained in DMEM with 5%
FCS, antibiotics and 500 μg/ml G418. Clones to be used in
this study were selected by immunofluorescence, CELISA
and FACS for their level of gD expression. Clonal cell lines
used in this study are B78-gDwt clone #13, B78-gD
(W294A) clone #23 and B78-gD(A3C-Y38C) clone #25.
ii) gD expression. For flow cytometry (FACS) experiments,
cells were detached with 0.02% di-sodium EDTA (w/v) in
PBS (Versene; Gibco-BRL) and resuspended in PBS
containing 3% FCS, 0.01% sodium azide (PBS-FCS).
Anti-gD serum R7 was diluted 100× in cold PBS-FCS,
50 μl was added to 3×105 cells. Cells were incubated for
30 min on ice and then washed with 1 ml cold PBS-FCS
before being incubated in 50 μl PBS-FCS containing anti-
rabbit IgG coupledwithAlexa488 (Mol. Probes) for 30min
on ice. Cells were washed as previously and fixed in 300 μl
3%paraformaldehyde in PBS-FCS. Cell surface expression
was also tested byCellular ELISA (CELISA) using anti-gD
rabbit pAb R8, as described by Connolly et al. (2005).
iii) Binding of soluble nectin-1 by CELISA. Soluble nectin-1
ectodomain (HveC(346t)) was produced in a baculovirus
expression system (Krummenacher et al., 1998) and the
purified protein was diluted in DMEM, 5% FCS, added to
5×104 cells in 96-well plates and incubated for 30 min at
37 °C. Cells were washed 3 times with PBS and fixed with
100 μl 3% paraformaldehyde in PBS at room temperature
(RT) for 30 min. A mixture of anti-nectin-1 rabbit sera
R154 and R165, each one diluted 1000× in PBS contain-
ing 5% FCS, was added to cells and incubated for 90 min
at RT. Cells were washed as before and incubated with
anti-rabbit IgG coupled to peroxidase (2 μg/ml) for 1 h
followed by substrate (ABTS, Moss Inc.).
Cell co-cultures
i) Immunofluorescence analysis. Target and effector cells
were detached with trypsin, mixed at a 1:1 ratio and co-
cultured for 16 h on glass coverslips (1–2×105 cells per
coverslip). The culture medium was DMEM supplemented
109K.M. Stiles et al. / Virology 373 (2008) 98–111with 5% FCS and antibiotics. Cells were fixed with 3%
paraformaldehyde in PBS for 30 min at RT. Quenching,
permeabilization and staining were performed as pre-
viously described (Krummenacher et al., 2003; Sodeik
et al., 1997). Anti-nectin-1mAbCK41 and anti-gD pAbR7
were added first, then followed by goat anti-mouse IgG
coupledwith Alexa488 (for CK41) and goat anti-rabbit IgG
coupled with Alexa594 (for R7). No cross-reaction was
observed. Images were collected on a Nikon Eclipse E600
microscope equipped with a 40× objective and analyzed
using Image-Pro Plus software (Media Cybernetics, Inc).
ii) FACS analysis. Target cells expressing nectin-1 were
detached with trypsin, then counted and divided in 0.8 ml
aliquots at 5×106 cells/ml for labelingwith Qdots using the
Qtracker ™ 655 labeling kit (Quantum Dot Corp/In-
vitrogen, Hayward CA). Cells in suspension were exposed
to the dye for 1 h at 37 °C inDMEMsupplementedwith 5%
FCS following the manufacturer's instructions. This la-
beling was done to distinguish and gate target cells during
FACS analysis. These target cells werewashed 3 timeswith
culture medium and mixed with twice as many unlabeled
effector cells that had been previously detached and
counted. A total of 1.5×106 cells were plated in each
well of a 6-well plate and cultivated overnight in DMEM
supplemented with 5% FCS and antibiotics. Target and
effector cells were also cultivated separately as controls.
Cells were detached with Versene and resuspended in cold
PBS-FCS. Labeling with anti-nectin-1 mAb CK41-PE
(5 μg/ml) was performed on 0.5×106 cells (50 μl) for
30 min on ice. Mock stained cells were used as negative
controls. Alternatively cells were stained with anti-GFP
pAb Ab290 (diluted 400× in PBS-FCS) followed by PE-
labeled secondary antibody. Cells were washed with cold
PBS-FCS and fixed with 3% paraformaldehyde in PBS-
FCS. In order to gate target cells during FACS analysis,
Qtracker655 was detected by excitation at 630 nm and
reading at 660±15 nm. Qtracker655-positive target cells
were positively selected for measurement of PE and/or GFP
fluorescence.
iii) Western blot analysis. 1×106 target cells were mixed with
1.5×106 effector cells in 12-well plates and co-cultured
overnight in 2 ml DMEM supplemented with 5% FCS and
antibiotics. Cells were washed with PBS, detached with
Versene, pelleted and resuspended in 200 μl cold lysis
buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-
100) with Complete protease inhibitor cocktail (Roche).
After lysis on ice for 30 min, lysates were cleared by cen-
trifugation. Proteins were separated by SDS-PAGE under
reducing and denaturing conditions on 10% acrylamide
gels and transferred to nitrocellulose for detectionwith anti-
nectin-1 mAb CK8. In specific experiments, bafilomycin
A1 (BFLA, Sigma-Aldrich Co.) diluted in DMSO was
added to the medium of target cells to a final concentration
of 10 nM. As a control, DMSO only was used. After 1 h
incubation, effector cells were added and the same con-
centration of BFLA or DMSO was maintained during the
5 h of co-culture. Cells were washed and lysed as above.For detection of nectin-1 in co-culture supernatant, cells
were mixed as above and co-cultivated in 0.5 ml growth
medium (DMEM supplemented with 5% FCS, 500 μg/ml
G418, and penicillin/streptomycin). The supernatant was
collected after overnight co-culture, 10 microliters of 50×
Complete protease inhibitor cocktail (Roche) was added.
Cell debris was eliminated by centrifugation (20 min,
12000 rpm, 4 °C). Cells were washed three times with
cold PBS and lysed as above. For Western blot analysis,
an equivalent amount of cell lysate and co-culture super-
natant (5% of total for each sample) was loaded for
direct quantitative comparison. As a control,we electropho-
resed known amounts of recombinant nectin-1 ectodomain
(HveC(346t)) (Krummenacher et al., 1998) diluted in fresh
culture medium.
Proteinase K protection assay
To detect virion internalization, proteinase K protection as-
says were carried out largely according to a published method
(Milne et al., 2005). Briefly, confluent monolayers of cells in
25 cm2 flasks (3×106 cells/flask) were chilled on ice. Three
flasks of each cell type were inoculated with sucrose gradient
purified HSV-1 KOS (input multiplicity 30 pfu/cell in 10%
DMEM containing 30 mM HEPES). After 45 min adsorption at
4 °C, two flasks were transferred to a 37 °C water bath to initiate
virus entry, while the third remained at 4 °C. After 15 min,
all three flasks were placed on ice. Cells were washed once
with Hank's balanced salt solution containing 30 mM HEPES
(HBSS-HEPES), then treated or mock treated for 1 h with
proteinase K (50 μg/ml in HBSS-HEPES, 1 mM CaCl2). Cells
were pelleted in a 2 ml tube and lysed on ice with Tris buffered
saline (TBS) containing 1% NP40 and 1 mM PMSF. After
20 min, lysates were cleared by microcentrifugation. gB was
immunoprecipitated with mAb DL16, resolved on SDS-PAGE
and detected by Western blotting using rabbit serum R69. When
gD-null virus was used, the input multiplicity was based on the
titer (on VD60 cells) of the phenotypically complemented virus
preparation.
Propagation and partial purification of KOSgDβ
The gD negative virus KOSgDβ was propagated on VD60
cells, which supply gD upon infection (Dean et al., 1994; Ligas
and Johnson, 1988) for complementation. To produce paired
stocks of phenotypically null and gD complemented virions,
duplicate confluent 225 cm2 flasks of Vero or VD60 cells were
inoculated with complemented virus stocks at an input multi-
plicity of 5 pfu/cell.When the cytopathic effects had progressed to
completion (about 48 h), cells and medium were collected,
subjected to two cycles of freezing at −70 °C and thawing at
37 °C. Cell debris was removed by centrifugation at 3500 rpm
(2850×g), then each of the cleared virus preparations was layered
onto 20% sucrose (in PBS) and the virions pelleted at 25000 rpm
in a Beckman SW28 rotor. Virions were resuspended overnight in
PBS at 4 °C, then pelleted again using the same conditions. Virus
pellets were finally resuspended in PBS, aliquoted and stored at
110 K.M. Stiles et al. / Virology 373 (2008) 98–111−70 °C. Preparations were analyzed for virion proteins by
Western blotting and for infectivity by titration onVero andVD60
cells.
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